We present candidates for non-pulsating stars lying in the classical Cepheid instability strip based on OGLE photometric maps combined with Strömgren photometry obtained with the 4.1-m SOAR telescope, and Gaia DR2 data in four fields in the Large Magellanic Cloud. We selected 19 candidates in total. After analysis of their light curves from OGLE surveys we found that all these stars appear to be photometrically stable at the level of a few mmag. Our results show that non-pulsating stars might constitute to about 21% − 30% of the whole sample of giant stars located in the classical instability strip. Furthermore, we identified potential candidates for classical Cepheids with hot companions based on their Strömgren colours.
INTRODUCTION
The instability strip (IS) is a region on the HerzsprungRussell (HR) diagram occupied by different classes of pulsating variables (Cox 1974; Gautschy&Saio 1996) , but a number of early photometric studies showed that significant fraction of stars lying in the Cepheid region of the IS are photometrically stable at the level of tens of mmag (e.g. Fernie&Hube 1971; Schmidt 1972; Percy et al. 1979) . Butler (1998) studied 15 such stars lying in or close to IS of Cepheids using photometry and spectroscopy, and showed that most of them indicate, in fact, a variety of behavior. Only four stars did not show any variability on a specified level, for rest of them periodograms of Doppler velocities demonstrated multiple peaks. The author argued that the observed variability might be caused by orbiting planetary mass companions, rotational modulation of surface features or nonradial pulsations. He also reported larger chromospheric activity in the non-Cepheids, but did not explain why the two classes of stars differ.
E-mail: wnarloch@astro-udec.cl (WN) Guzik et al. (2013) used Kepler data to examine light curves of a sample of 633 stars that were likely to be in or near the IS of δ Sct and γ Dor stars, among which they found 359 stable stars. Six of the non-pulsating objects were lying within the IS boundaries. The authors argue that uncertainties on the temperatures and gravities for their stable objects may mean that some of the stars may move into or out of the IS regions. If these uncertainties are random and not systematic then about 2% of their sample would be within the IS boundaries. Later, Guzik et al. (2015) presented results for additional 2137 stars among which they found another 34 such objects (1.6%). As possible explanations of the lack of pulsations the authors of these papers mention: pulsation in different frequencies hard to detect, turning off pulsations due to various mechanisms or simply an error in determination of log g or T eff . Also Murphy et al. (2015) found stars in the δ Sct IS that do not pulsate in p modes at the 50-µmag limit, using Kepler data. The authors investigated the possibility that the non-pulsators inside the IS could be unresolved binary systems, having components that both lie outside the IS. That interpretation would explain most of the analyzed systems, except one star which resided in the center of the IS. Gieren et al. (2015) reported a classical Cepheid in an eclipsing binary system OGLE-LMC-CEP-4506, in which the secondary component turned out to be a non-pulsating red giant residing in the center of the classical IS, which was later confirmed by Pilecki et al. (2018) . Both stars of this system have similar masses, radii and colours, with the Cepheid being more evolutionary advanced. Within uncertainties both stars have the same effective temperature (T2/T1 = 0.99), and only slightly different luminosities (L2/L1 = 0.83). The orbit of the binary is highly eccentric and the orbital period is long -about 4.2 years. According to the results of the analysis of six similar systems presented in Pilecki et al. (2018) , all other six stars residing in the IS pulsate (including a system composed of two Cepheids) and there is no pulsating star outside the IS.
Furthermore, recently Rozyczka et al. (2018) confirmed that variable V4 in the globular cluster M10 (NGC6254) suspected to be RR Lyr-type star (Clement 2001 (Clement , 2017 1 is in fact constant. Still, on the base of its proper motion (PM) and distance from the cluster center, the star is a member of M10, so its position on the colour-magnitude diagram (CMD), inside the IS, is not a coincidence.
These few examples show that non-pulsating stars in the IS not only exist but are in fact not so rare. That raises the questions: how many such stars are in the IS? Is it a significant number or just isolated cases? In this work we try to find the answers to these questions using for our purposes images of the Large Magellanic Cloud (LMC) taken in Strömgren filters. The Strömgren photometric system (uvby) is a four-colour medium-band photometric system (plus Hβ filters) used for stellar classification (Crawford 1987) . The y filter is well correlated with the V-band from Johnson-Cousins filters; colour (b − y) determines well temperatures of stars, as well as interstellar reddening; index m1 = (v − b) − (b − y) is sensitive to stellar metallicity and c1 = (u − v) − (v − b) to the surface gravity. All these features make this photometric system useful when it comes to selection of stars of a given type.
The next important questions to answer in the folllowup work will be: what is the nature of these objects? What might be possible causes of the lack of pulsations in these stars? One of the potential reasons worth to consider is the existence of strange modes (large l number) which would not cause the changes in light curve but would affect the spectra lines of stars by broadening them. This is still a challenge for the theory of pulsations which does not provide a clear explanation for such situation. Observational premises for this phenomenon would be very valuable to supplement and develop theoretical knowledge.
The paper is organized as follows: in Section 2 we describe our data and reduction procedure, in Section 3 we present the method of selecting candidates for non-pulsating stars lying in the IS, Section 4 summarizes our search for variability in the OGLE light curves of the selected candidates and provide a short discussion on our search, and finally Section 5 contains a brief summary. Images were calibrated with standard bias subtraction and flatfield correction for each amplifier separately. In the next step, profile photometry was performed with standard DAOPHOT/ALLSTAR package (Stetson 1987 ) assuming a Gaussian function with spatial variability to define point spread function (PSF). Additionally, to reduce the effect of PSF variability, images from each amplifier were divided into smaller, overlapping subframes. Master list for each subframe was obtained iteratively, gradually decreasing the detection threshold. In the last iteration images were examined by eye to add manually stars omitted in the automatic procedure. In the end, aperture corrections, calculated with DAOGROW package (Stetson 1990 ), were applied to each subframe and instrumental CMDs were constructed. The average errors of our photometry were 0.02 mag in (b − y), 0.03 mag in m1 and 0.04 mag in c1 for stars with brightness V < 19 mag.
The completeness of our photometry was checked with DAOPHOT package by adding one hundred artificial stars to each subframe in filter y. Twenty such images were produced in each subfield of each field. Next, the same set of stars was added to the images in the other three filters, so that in every filter were checked the retrieving rates of the same stars. Statistics in all four fields are similar. For stars with brightness 13 < V < 18 mag the completeness is at the level of about 100% in all four filters. Stars brighter than 13th magnitude are often overexposed which results in decrease of completeness to the level of about 70% but no lower than 56% in all filters. Completeness of stars from magnitude bin of (18, 19) is still over 90% in y, b and v but slighlty lower in u. In the range (19, 20) it decreases to about 87% in y, 82% in b, 64% in v and only 43% in u. Completeness for stars from magnitude range (20, 21) drops significantly to about 57% in y, 48% in b, 21% in v and only about 6% in u. In a bin (21, 22), completeness is only about 10% and 5% for filters y and b, respectively. For stars fainter than 22 magnitude it is practically zero in all filters. Figure 1 presents completeness in four Strömgren filters.
Magnitude y, colour (b − y) and indices c1 and m1 were standarized for each chip individually based on standard stars observed during the same photometric night. From 14 stars observed in 10 fields on chip 1, 12 stars were used for photometric calibration of y, (b − y) and m1 and 8 to calibrate c1. From 10 stars observed in 10 fields on chip 2, 9 stars were used for photometric calibration of y and all 10 to calibrate (b− y), m1 and c1. Standard values were taken from the Paunzen (2015) catalog. The following transformations, normalized to 1 second, were used for chip 1:
and chip 2:
Residua and rms of photometric calibration to standard system. Black and grey points mark residua for chip 1 and 2, respectively.
where X = X −1.25 is an airmass; y i , (b− y) i , m1 i and c1 i are instrumental and V, (b−y) s , m1 s and c1 s are standard magnitudes and indices, respectively. Figure 2 presents residua and rms of applied transformations for both chips. To check the internal consistency of our transformations between chips we fitted the Paczyński profile (Paczyński&Stanek 1998) to the histogram of red clump (RC) from chip 1 and 2, and found the center of the pick of the distribution. In the equation 9 of the following form :
the Gaussian component represents a fit to the RC itself and two other terms describe the background distribution of the red giant stars. k state for the colour (b − y), k RC is the mean colour of the RC stars, σ RC the spread of the RC stars colour and N RC a number of RC stars. The shift in colour between RC from both chips in all four fields was less than 0.02 mag, which is an acceptable difference.
Our final list of stars contains 26291 objects measured to a limiting magnitude of about 21.5 mag in all four filters simultaneously.
SELECTION OF CANDIDATES
In the first step of the selection of candidates for nonpulsating stars residing in the classical IS of Cepheids in the LMC we determined empirical boundaries of the IS. For this we used the photometry of over 3200 Cepheids from the LMC gathered in the OGLE Collection of Variable Stars and having measurments in both V and I filters. The position of stars in the CMD is affected by reddening caused by the interstellar extinction along the line of sight. To correct for this effect we used the reddenings calculated for each field with Cepheids based on the colour of the red clump , Górski et al. 2019 . Its true colour was determined in 20 fields containing late type eclipsing binaries with reddening values calculated in Graczyk et al. (2018) based on calibration between the equivalent width of the interstellar absorption Na I D1 line and the reddening. The uncertainties of the reddening values in a given field consist of the adopted true colour of the red clump and statistical error of apparent colour measurments where the latter is dominant and are σE(B − V) = 0.022 mag. The details of this calculation will be presented in Górski et al. (2019, submitted) . Next, in the overlapping magnitude bins of 0.5 mag wide in V shifted downwards by 0.1 mag in the range (13.5 − 17.5) mag we calculated histograms of colours and then used step detection technique to find the empirical blue and red edges of the instability strip. Later, we fitted a strait line to these points. This way, we got rather conservative empirical position of the instability strip of Cepheids in the LMC calculated based on thousands of Cepheids (see Figure 3 ). Stars that are located within IS, but apparently are non-variable, will be our candidates for non-pulsating stars within classical IS.
In the next step, we downloaded the BVI OGLE photometry (Udalski et al. 2000) for our four fields and identified the Cepheids to later exclude them from the sample of potential candidates for non-pulsating stars. We identified 42 classical Cepheids (Soszyński et al. 2015) and two type-II Cepheids , which gave 44 stars in total, summarized in Table 2 (11, 10, 10 and 13 Cepheids in the fields 1, 2, 3 and 4, respectively) where we also give their Strömgren photometry. From the VI CMD of remaining stars we selected these lying within empirical boundaries calculated in the previous step and being no fainter than the faintest Cepheid (V 0 = 17.46 mag). At this stage, we selected 61 stars in total.
As next, we cross-matched the BVI OGLE photometry of candidates with our Strömgren photometry and plotted two-colour diagram c1 − (b − y) for identified Cepheids and selected stars (see Fig. 4 ). Our Strömgren data were dereddened using relations of relative extinctions from Schlegel et al. (1998) and the reddening values in our four fields which are given in Table 1 . On the same diagram we plotted theoretical c1−(b− y) relations for stars from different luminosity classes (having different surface gravity expressed by log g) from static atmosphere models of Castelli&Kurucz (2004) for metallicity [Fe/H] = −0.5 (closest to average metallicity of Cepheids in the LMC). The periods for most of identified classical Cepheids range between ≈ 0.65 d to ≈ 11.2 d which correspond to log g ≈ 2.8 for F mode or 2.7 for 1O mode and log g ≈ 1.5 for F mode or ≈ 1.3 for 1O mode, respectively, where most stars have log g ≈ 2.0 (R. Smolec, priv. comm.).
So we shifted theoretical c1 − (b − y) relations accordingly in (b − y) colour by −0.05 mag to match our observations. We then decided to select stars lying between theoretical lines for log g = 1.0 and log g = 3.0 to cover wide range of possible values of log g of Cepheids. This way, we selected giant stars from the sample of potential candidates for non-pulsating stars obtained in the previous step and reduced their number to 27 stars. This procedure is presented in Fig. 4 where we additionally added a theoretical line for log g = 4.5 (close to solar value) and marked our dereddened standard main sequence stars. They arrange systematically below Cepheids which proves the potential of c1 Strömgren index in separating stars of different luminosity classes. During the pulsation cycle, the effective temperature and brightness of a Cepheid changes and hence the star performs a loop either in the CMD or c1−(b− y) relation. It may even leave the instability strip during some pulsation phases. To illustrate this effect, and to estimate how large the excursion beyond the adopted boundaries can be, we have computed a non-linear Cepheid model with
where convective parameters were a set B adopted by Baranowski et al. (2009) , see their tab. 3). The model pulsates in the radial fundamental mode with a period of 5.93 d. The instantaneous effective temperature and gravity (including the dynamic acceleration) were used to compute (b − y) 0 and c1 0 using the static atmosphere models of Castelli&Kurucz (2004). Obviously, using static model atmospheres is not the best approach here, but we just want to estimate the typical extent of the loop followed in the c1 − (b − y) relation during the pulsation. The result is plotted in Fig. 4 (yellow line). Symbol (yellow square) inside the loop corresponds to the parameters of the equilibrium model.
As a separate test, we downloaded parallaxes and PMs for selected candidates from Gaia DR2 catalog (Gaia Collaboration et al. 2016 , 2018b . Fig. 5 presents the Vector Point Diagram (VPD) for our candidates. One star with high proper motion is not shown in the diagram. From the stars we selected those with PMs within a box of ±1 mas/yr around the PM of the LMC given by van der Marel&Sahlmann (2016) (marked with black dashed line in Fig. 5 ). In the end, we were left with 19 candidates in total (3 in field 1, 4 in field 2, 7 in field 3 and 5 in field 4). Remaining stars are most probably giant stars from our galaxy. Table 4 summarizes selected objects.
The result of our selection is presented in Fig. 6 , where are marked candidates for non-pulsating stars as well as identified Cepheids. On the other hand, Fig. 7 shows the candidates and Cepheids in the Strömgren CMD which is an independent check of the reliablity of our selection procedure. Candidates selected from OGLE CMD should fall into IS also in Strömgren CMD. To check if that is the case, we tranformed the IS boundaries from OGLE CMD into Strömgren CMD using 2nd order polynomial of the form (b − y) 0 = 0.0965464(V − I) 2 0 + 0.493749(V − I) 0 − 0.0028315 (marked in Fig. 7 with dashed blue and red lines). Most of the candidates fit very well into IS region showing that either selection from the OGLE CMD or Strömgren CMD would classify them as non-pulsating stars in the classical IS. However, few stars lie beyond the IS egdes. This might be the effect of approximated transformation of the IS or possible blending of candidates in either OGLE or Strömgren CMD. Also, most of identified Cepheids fit very well in the approximated IS, except few, which however is not surprising, since their position on the Strömgren CMD is based on a single colour measurement. As it was already mentioned in previous paragraph, the Cepheids performe a loop in CMD when they change their effective temperature and brightness during its pulsation cycle and in particular phases can go beyond the IS boundaries. In Fig. 7 we marked the results of a non-linear Cepheid model from the c1 0 − (b − y) 0 relation. The horizontal extent of the loop in the CMD exceeds 0.15 mag in (b− y) 0 . The most profunding Cepheids probably are simply catched in a specific phase. The only exception seems star OGLE-LMC-T2CEP-086 from field 2, which is type II Cepheid located rather well beyond the classical IS. Type II Cepheids are characterized by different physical parameters however; in particular, they have significantly lower masses, akin to that of RR Lyrae stars. This leads to a wider instability strip at lower luminosities, see Smolec (2016) .
SELECTED CANDIDATES
We selected 19 candidates for non-pulsating stars lying in the IS based on the OGLE CMD combined with the Ström-gren photometry which is about 30% of the whole sample of Cepheids and non-pulsating objects located in the classical IS in the LMC. The confrontation of this result with Strömgren CMD put seven of them under the question which would leave us with about 21%. We analyzed the light curves of the candidates downloaded from OGLE-II database (Szymanski 2005) 2 and nonpublic catalogs of OGLE-III and OGLE-IV surveys to check if we might be able to detect any signs of variability. During analysis we arbitrarily assumed signal-to-noise of 4 as a threshold for reliable detection of significant periodicity in the frequency 2 Available at: http://ogledb.astrouw.edu.pl/~ogle/photdb/ spectrum. For all selected candidates no significant variability was found at the level of a few mmag, so we can assume that these stars are constant at this level of detection.
We shall consider the possibility that our candidates fall into IS because of the blending caused by crowding or because they are physically associated with other stars and create unresolved binaries or multiple systems, which would change their magnitudes and colours. The second case was discussed in detail by, e.g., Mochejska et al. (2000) where the authors showed that this effect is significant in case of Cepheids. For this example, Pilecki et al. (2018) analyzed Cepheids in eclipsing binaries in the LMC. They studied seven such systems where one was composed of two classical Cepheids, four were binaries composed of classical Cepheid and constant star and one with a type II Cepheid and constant star. The authors derived precise physical stellar parameters for all components of the systems. This is too small sample of stars to conclude any typical features of binaries with Cepheids but it gives us a concept of how big may be the change of colour of a Cepheid with a companion star. The smallest (V − I) colour difference of a single classical Cepheids relative to the colour of the binary was 0.005 mag and the biggest 0.19 mag which correspond to ≈ 0.003 and ≈ 0.1 mag, respectively, in Strömgren system. The exceptionally large change of colour had a system with type II Cepheid which was about 0.7 mag (∆(b − y) ≈ 0.4 mag). Interestingly, in all systems no third light was detected. Thus, if the colour difference of a single Cepheids and their binaries can be so significant that they can fall out from IS then also the opposite situation can take place when a star originally lying outside IS could fall into it. In the extreme case, all of our candidates might be blends. Unfortunately, we need the spectroscopy in order to investigate the nature of the candidates. At this stage, we are not able to resolve this matter. However, we can estimate the effect of crowding on our selected stars based on our Strömgren data.
In order to estimate what might be the influence of the crowding on our candidates, we performed a series of simulations. In each subfield of our four fields we take a catalog with Strömgren photometry and draw a subsample of 100 stars with magnitudes measured in all four filters simultaneously. Next, randomly we draw x and y coordinates in pixels from a uniform distribution from the range of the image size. In DAOPHOT package we use task add to add created lists of stars in a specific filter to the image in this filter. We repeat this procedure 100 times for each subfield of a given field. Then, we performe the photometry on images with added stars and calculate the resulting colours. Subsequently, we calculate the diffrences between the actual colours and new colours of added stars. From the latter we can estimate what is the influence of the crowding effect in all our fields. The four considered fields are located in the bar of the LMC and have similar star density. This is reflected in statistics of crowding effect for all fields, which is similar. On average 53% of added stars from the vincinity of the IS changed their (b − y) colour by more than 0.01 mag, 11% by more than 0.05 mag and only 5% by more than 0.1 mag. Most of the candidates reside relatively deep in the IS. They would have to change their colours significantly to enter IS as a blend and this is very unlikely. On the other hand, there is more than 50% chance that candidates lying close the IS edges falled into it as a consequence of blending due to crowding. There are seven such stars in OGLE CMD. Comparison of two CMDs (OGLE and Strömgren) also shows that over one third of stars could be blended due to crowding and because of that entered IS. That still leave us with 12 candidates for non-pulsating stars which account for 21.4% of the whole sample of giant stars in the IS region.
Cepheids in analyzed fields
In Fig. 8 we plotted relation (u − b) − log P for 41 classical Cepheids identified in our fields (Soszyński et al. 2015) . Most of the stars lie in the bottom of the figure creating a linear relation, scatter of which is a consequence of having only one random measurement of the brightness. Two stars which have the largest colour differences clearly stand out from that relation. Two others are questionable. These are very likely binaries with hot main sequence component, bright in u-band. Further spectroscopic observations would be required to confirm the binary nature of those systems.
CONCLUSIONS
Based on OGLE photometric maps combined with Ström-gren photometry and Gaia DR2 data for four fields in the LMC we found 19 candidates for non-pulsating stars located in empirical instability strip. An analysis of their light curves downloaded from OGLE surveys confirmed that they are stable at the level of a few of mmag. Our results show that between about 21% to 30% of LMC giants located in the IS might not pulsate. More observations will be required for further investigation of the candidates, in order to find any signs of variability indicating kinds of behavior other than classical pulsations, e.g., nonradial pulsation or binarity (where both components of the system lie in fact outside the IS).
The relation (u − b) − log P plotted for classical Cepheids identified in the fields gave us two potential candidates for binary Cepheids with hot companions and two other are questionable. These systems might be interesting for further follow up spectroscopic observations to confirm these suspicions.
In this work, we showed that the number of potential non-pulsating stars in the classical IS of Cepheids is a nonzero number and its upper limit suggests that it might be even significant percentage of giants in the IS. The follow up spectroscopic studies shall revise this conclusion, but basing on photometry we show it is very likely that non-pulsating stars exist in the IS. The great potential of multiband photometry combined with spectroscopy and Gaia proper motions could provide information about the nature of these mysterious objects.
ACKNOWLEDGEMENTS
We thank anonymous reviewer for comments which helped to improve original manuscript. This work has made use of data from the European Space Agency (ESA) mission Gaia (https://www.cosmos. esa.int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.esa. int/web/gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement. 
